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and subsequently die during the first 2 weeks of postna-Yuh Nung Jan,* Lily Y. Jan,* and David R. Cox²
tal life (Rezai and Yoon, 1972; Rakic and Sidman, 1973b;*Howard Hughes Medical Institute
Goldowitz, 1989; Smeyne and Goldowitz, 1989); PurkinjeDepartments of Physiology and Biochemistry
cells are also reduced in number, found in ectopic posi-University of California, San Francisco
tions, and have abnormal morphology (Bradley andSan Francisco, California 94143-0724
Berry, 1978; Goldowitz and Mullen, 1982; Herrup and²Department of Genetics
Trenkner, 1987; Smeyne and Goldowitz, 1990). In theStanford University School of Medicine
adult wv/wv substantia nigra, many of the dopaminergicStanford, California 94305-5120
neurons have impaired function or have died, leading
to decreases in striatal dopamine content, dopamine
uptake, and tyrosine hydroxylase activity (Goldowitz andSummary
Mullen, 1982; Schmidt et al., 1982; Roffler-Tarlov and
Graybiel, 1984; Gupta et al., 1987; Triarhou et al., 1988;The weaver mutation corresponds to a substitution of
Graybiel et al., 1990; Roffler-Tarlov et al., 1990; Ghettiglycine to serine in the H5 region of a G protein±gated
and Triarhou, 1992; Richter et al., 1992; Simon et al.,
inwardly rectifying K1 channel gene (GIRK2). By study-
1994). While most of these mutant phenotypes are seen
ing mutant GIRK2 weaver homomultimeric channels only in homozygous wv/wv mice, the cerebellum of het-
and heteromultimeric channels comprised of GIRK2 erozygous wv/1 mice is also affected by the wv muta-
weaver and GIRK1 in Xenopus oocytes, we found that tion, though to a lesser degree (Rezai and Yoon, 1972;
GIRK2 weaver homomultimeric channels lose their se- Rakic and Sidman, 1973b; Goldowitz and Mullen, 1982;
lectivity for K1 ions, giving rise to inappropriate recep- Goldowitz, 1989). The mechanism by which a single
tor-activated and basally active Na1 currents, whereas mutation in GIRK2 channels affects a variety of cells in
heteromultimers of GIRK2 weaver and GIRK1 ap- apparently different ways in the wv mouse is not known.
peared to have reduced current. Immunohistochemi- To understand how the mutant GIRK2 channels are
cal localization indicates that GIRK2 and GIRK1 pro- involved in the expression of the wv phenotype, we have
teins are expressed in the cerebellar neurons of mice examined the effect of the wv mutation on the function
at postnatal day 4, at a time when these neurons nor- of GIRK2 wv homomultimers and of heteromultimeric
mally undergo differentiation. Thus, the aberrant be- channels composed of GIRK2 wv and GIRK1 expressed
havior of mutant GIRK2 weaver channels could affect in Xenopus laevis oocytes. GIRK2 wv channels contain
the development of weaver mice in at least two distinct a glycine to serine substitution (G156S) in a region of
ways. the H5 segment that is likely to form part of the pore
(MacKinnon and Yellen, 1990; Hartmann et al., 1991;
Yellen et al., 1991; Yool and Schwarz, 1991; Heginbo-Introduction
tham et al., 1992, 1994; Kirsch et al., 1992). The equiva-
lent mutation in voltage-gated K1 channels eliminatesG protein±gated inwardly rectifying K1 channels are reg-
selectivity for K1 ions (Heginbotham et al., 1994). Thus,ulated by neurotransmitters and determine neuronal
the G156S mutation inGIRK2 homomultimers could altermembrane excitability by selectively permitting the flux
the selectivity of thechannel for ions; however, themuta-of K1 ions near the resting membrane potential of the
tion might also affect G protein activation, ion conduc-cell, but not at more depolarized potentials. Although
tion, or both. Moreover, the effect of the H5 mutationneuronal excitability is an important factor in shaping
might change in the context of heteromultimeric chan-the development of the nervous system (for reviews,
nels. GIRK2 (Lesage et al., 1994; Bond et al., 1995; Tsaur
see Scheetz and Constantine-Paton, 1994; Wong, 1995),
et al., 1995) is a member of an expanding family of G
the role of inwardly rectifying K1 channels during devel-
protein±gated inward rectifiers (GIRK1±GIRK5) that have
opment is not well understood. Recently, a mutation in been shown to form heteromultimers in in vitro expres-
a G protein±gated inwardly rectifying K1 channel gene sion systems as well as inheart and brain tissues (Duprat
(GIRK2) has been identified in the weaver (wv) mouse et al., 1995; Kofuji et al., 1995; Krapivinsky et al., 1995;
(Patil et al., 1995), implicating the activity of G protein± Lesage et al., 1995; Hedin et al., 1996 [this issue of
gated inwardly rectifying K1 channels in neuronal devel- Neuron]; Y. J. L. et al., submitted). We chose to examine
opment. the effect of wv mutation on heteromultimeric channels
The wv mouse displays numerous neurological and composed of GIRK1 with GIRK2 wv since, of the four
reproductive defects during postnatal development and cloned mammalian GIRK channels, GIRK1 is expressed
is characterized behaviorally by ataxia, hyperactivity, in the brain (Dascal et al.,1993; Kubo et al., 1993; DePaoli
and a tremor (Sidman et al., 1965; Rakic and Sidman, et al., 1994; Karschin et al., 1994; Kobayashi et al., 1995)
1973a, 1973b). These behavioral changes are associ- and is known to form functional heteromultimers with
ated with the selective loss of neurons in two regions GIRK2 (Duprat et al., 1995; Kofuji et al., 1995; Lesage
of the wv/wv brain: the cerebellum and substantia nigra. et al., 1995). GIRK3 is also expressed in the brain (Lesage
In the cerebellum, the granule cell neurons fail to differ- et al., 1994) and has been reported to suppress the
entiate and extend neurites (Goldowitz and Mullen, expression of GIRK2 current when both are coex-
pressed in oocytes (Kofuji et al., 1995). However, this1982; Hatten et al., 1984; Goldowitz, 1989; Smeyne and
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effect has not been detected in other studies (Duprat g2 subunits (Gbg). Under these conditions, the high ex-
pression levels of Gbg lead to constitutivechannel activa-et al., 1995; Lesage et al., 1995). In addition to studying
the effect of the wv mutation on channel function, we tion by Gbg independent of m2 receptor stimulation, re-
sulting in Gbg-activated inwardly rectifying GIRK1have also examined the temporal and spatial expression
of GIRK2 and GIRK1 proteins immunohistochemically currents (Reuveny et al., 1994; Lim et al., 1995). The
coexpression of GIRK2 wv (z5 ng of cRNA) with GIRK1to see whether GIRK2 and GIRK1 channels are ex-
pressed at the appropriate time and place to play a role (z5 ng) and Gbg reduced the basal currents at 2100 mV
to 22% (N 5 7) of the current recorded from oocytesin the ontogeny of the cerebellum.
expressing GIRK1 (5 ng) and Gbg (N 5 6). Thus, the
reduced inward K1 currents observed in oocytes coex-
Results pressing GIRK2 wv and GIRK1 was likely due to disrup-
tion of channel functions other than the coupling to the
Suppression of GIRK1 Currents m2 receptor.
by Low Levels of GIRK2 wv In summary, these experiments suggest that low lev-
To examine the effect of the wv mutation on GIRK2 els of GIRK2 or GIRK2 wv expression led to heteromul-
function, we coexpressed the muscarinic acetylcholine timer formation with GIRK1, altering the current levels
receptor (m2) with GIRK1, GIRK2, or GIRK2 containing as compared with oocytes expressing only GIRK1.
the G156S mutation (GIRK2 wv) in Xenopus oocytes Whereas the formation of heteromeric channels of wild-
and measured the current induced by the muscarinic type GIRK2 and GIRK1 caused an increase in current
receptor agonist carbachol. We initially used the full- levels, the formation of mutant heteromeric channels
length cDNA sequence for mouse GIRK2 (Patil et al., resulted in decreased inward K1 currents.
1995) and found that oocytes injected with cRNA for
GIRK2 displayed little or no carbachol-induced current
(see legend toFigure 1), in contrast with previous reports GIRK2 wv Homomultimers Lose
K1 Selectivitydemonstrating the G protein activation of GIRK2 in oo-
cytes (Lesage et al., 1994; Duprat et al., 1995; Kofuji et High levels of GIRK2 expression, comparable to those
attained by alterations of thepresumed translation initia-al., 1995). Small inwardly rectifying basal K1 currents
and carbachol-induced K1 currents were found in oo- tion site of GIRK2 (Lesage et al., 1994; Kofuji et al., 1995),
were obtained by deleting the 59 noncoding sequencecytes expressing m2 receptor and GIRK1 (Figure 1A),
indicating that endogenous G proteins were sufficient and the sequence coding for the first nine amino acids
of the predicted GIRK2 protein sequence (D9-GIRK2).to sustain G protein activation. Moreover, the coexpres-
sion of GIRK1 with GIRK2 and the m2 receptor led to The channel properties of D9-GIRK2, including inward
rectification, agonist-independent basal K1 current, ac-agonist-independent basal currents and carbachol-in-
duced currents (Figures 1C±1E), which were 332% and tivation via muscarinic receptor stimulation, and theabil-
ity to coassemble with GIRK1 (Figure 2A), were indistin-170%, respectively, of the currents recorded in oocytes
expressing only GIRK1 and the m2 receptor (Figures 1A, guishable from those reported for other full-length
GIRK2 constructs (Lesage et al., 1994; Duprat et al.,1D, and 1E), similar to previous reports (Duprat et al.,
1995; Kofuji et al., 1995). These results suggest that 1995; Kofuji et al., 1995), indicating that the channel
properties were not altered by this N-terminal deletion.GIRK2 was expressed at levels that were sufficient to
form heteromultimers with GIRK1 but were insufficient The elevated levels of expression for the D9-GIRK2 con-
struct appear to beprimarily due toan increase inproteinto yield detectable current through homomultimers of
GIRK2. Indeed, Western blot analysis of oocyte mem- production, because Western blot analysis of oocyte
membranes revealed a greaterabundance of GIRK2 pro-branes revealed a much reduced level of GIRK2 protein
in these oocytes as compared with oocytes that were tein in oocytes expressing D9-GIRK2 than those ex-
pressing GIRK2 (see Figure 1F).injected with cRNA for other GIRK2 constructs and gave
rise to detectable homomeric currents (Figure 1F). Thus, Expression of mutant D9-GIRK2 wv led to large ago-
nist-independent currents (Figure 2B) and the death ofthe construct of GIRK2 that expressed at low levels
permitted an analysis of the effect of the wv mutation oocytes 1 day following the cRNA injection, while oo-
cytes from the same batch survived for at least 3 weekson the heteromultimers of GIRK2 and GIRK1, but not
on GIRK2 homomultimers. following the injection of wild-type D9-GIRK2 cRNA.
Similar results were obtained when full-length GIRK2 wvTo examine the effect of the wv mutation on hetero-
multimers of GIRK2 and GIRK1, we coexpressed the m2 was subcloned into the same high expression vector
used by Lesage et al. (1994). Prior to the demise ofreceptor with GIRK1 plus GIRK2 wv. In contrast with the
potentiation of basal currents and carbachol-induced oocytes expressing D9-GIRK2 wv, the currents did not
rectify as strongly as those recorded from oocytes ex-currents produced by coexpression of GIRK2 with
GIRK1, the coexpression of GIRK2 wv with GIRK1 re- pressing D9-GIRK2 and displayed large agonist-inde-
pendent basal currents that were not activated furtherduced the amplitude of basal and carbachol-induced
currents at 2100 mV to 60% and 51%, respectively, of by muscarinic stimulation (Figure 2B). The expression of
wild-type D9-GIRK2 channels in oocytes also generatedthe currents in oocytes expressing GIRK1 alone and the
m2 receptor (Figures 1B, 1D, and 1E). To determine large agonist-independent currents, but these wild-type
D9-GIRK2 currents were consistently activated furtherwhether the wv mutation interfered with the coupling of
channels with the m2 receptor, we coexpressed the following carbachol stimulation; the ratio of ªinducedº
to ªbasalº current was 1.32 6 0.47 (N 5 8), where achannel cRNA with the cRNA for the G protein b1 and
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Figure 1. Coexpressing Low Levels of GIRK2
wv, but Not GIRK2, with GIRK1 Leads to
Smaller Inward Currents than Oocytes Ex-
pressing GIRK1 Alone
(A±E) Macroscopic currents recordedby two-
electrode voltage±clamp from oocytes in-
jected with cRNA for m2 muscarinic receptor
and GIRK1, GIRK2, GIRK2 wv, GIRK1 plus
GIRK2, or GIRK1 plus GIRK2 wv. Approxi-
mately 5 ng of each GIRK channel cRNA and
0.2 ng of m2 receptor cRNA were injected.
Little or no detectable carbachol-induced
currentswere recorded from oocytes injected
with m2 receptor cRNA and either GIRK2 or
GIRK2 wv cRNA construct that contained the
59 and 39 noncoding regions (data not shown;
N 5 10).
(A±C) A series of current traces elicited by
voltage pulses from 2100 to 150 mV (10 mV
increments) in the absence (basal) and then
presence (1carb) of 3 mM carbachol in a 90
mM K1 solution. Whereas coexpression of
GIRK2 with GIRK1 led to enhanced basal (ag-
onist-independent) and carbachol-induced
currents (C), the coexpression of GIRK2 wv
with GIRK1 led to smaller basal and carba-
chol-induced currents (B) than oocytes ex-
pressing only GIRK1 (A). The corresponding
current±voltage relations are shown to the
right. The small outward current indicates
strong inward rectification (solid line indi-
cates zero current level). The holding poten-
tial was 280 mV.
(D and E) Current±voltage relations show the
average agonist-independent basal currents
following leak subtraction (D) and the carba-
chol-induced currents (E) for one set of oo-
cyte injections (6 SEM, N 5 10±11). Asterisk
shows statistically significant differences
from GIRK1. In four separate sets of oocyte
injections, coexpression of GIRK2 wv with GIRK1 reduced the carbachol-induced current at 2100 mV to 26% 6 11% (mean 6 SEM) of the
current measured in oocytes expressing only GIRK1.
(F) Western blotting shows levels of GIRK2 protein in rat cortex membranes, membranes from oocytes injected with GIRK2 cRNA, membranes
from oocytes injected with GIRK2 wv cRNA, and membranes from oocytes injected with D9-GIRK2 cRNA (same set of oocyte injections as
[A]±[E]). Bar indicates size of protein in kilodaltons (see Y. J. L. et al., submitted). GIRK2 protein was also detected by Western blot analysis
of membranes from oocytes injected with cRNA for full-length GIRK2 subcloned into a high expression vector.
value of zero indicates no induction. Oocytes injected D9-GIRK2 wv channels showed inward rectification (Fig-
ure 3D).with a lower amount of D9-GIRK2 wv cRNA (less than
170 pg of cRNA), however, remained viable for over To characterize the change in ionic selectivity further,
we measured the membrane potential at which there1 week following the cRNA injection and gave rise to
agonist-independent basal currents and carbachol-in- was no net flow of current (reversal potential) when
channels were exposed to external solutions containingduced currents (Figure 2C).
Because the glycine to serine substitution at the different monovalent cations. Figures 4A and 4C show
a series of agonist-independent basal currents recordedequivalent position in Shaker K1 channels abolishes K1
selectivity (Heginbotham et al., 1994), we asked whether from oocytes expressing GIRK2 or GIRK2 wv channels
in extracellular solutions containing 90 mM K1, Na1, orthe wv mutation also affected ionic selectivity. We first
examined Na1 permeation by measuring the inward cur- the organic ion N-methyl-D-glucamine (NMDG). In these
experiments, we used the full-length GIRK2 and GIRK2rents in an extracellular solution containing 90 mM Na1
in the absence and then in the presence of carbachol. wv channels subcloned into a high expression vector
containing the 59 and 39 untranslated sequences forOocytes expressing wild-type D9-GIRK2 channels dis-
played large agonist-independent basal and carbachol- Xenopus b-globin gene (see Experimental Procedures)
as well as D9-GIRK2 wv. Because the inward currentinduced currents in 90 mM K1 but not in 90 mM Na1
(Figure 3A). By contrast, both the basal currents and carried by Na1 or NMDG in oocytes expressing GIRK2
channels was indistinguishable from the leakage cur-the agonist-induced currents in oocytes expressing D9-
GIRK2 wv channels could be carried by either K1 or Na1 rent, it was not possible to measure the reversal poten-
tial for GIRK2 channels in these solutions (Figure 4B).ions (Figure 3B). Although not rectifying as strongly as
D9-GIRK2 (Figure 3C), bothK1 and Na1 currents through This indicates that the wild-type GIRK2 channels are
Neuron
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current. Based on the change in reversal potential rela-
tive to that of K1, we calculated the relative permeability
ratio for Na1, Rb1, and Cs1 ions. PNa/PK was 0.78 6 0.03
(N 5 16), PRb/PK was 0.75 6 0.04 (N 5 6), and PCs/PK was
0.87 6 0.02 (N 5 13) for GIRK2 wv channels. Similarly,
PNa/PK was 0.68 6 0.04 (N 5 12) for D9-GIRK2 wv chan-
nels. Thus, the G156S mutation in H5 alters the K1 selec-
tivity of GIRK2 wv homomultimers, similar to the change
in selectivity observed for the equivalent mutation in the
H5 of a voltage-gated K1 channel (Heginbotham et al.,
1994).
Suppression of D9-GIRK2 wv
Currents by GIRK1
Having found that coexpression of GIRK1 and low levels
of GIRK2 wv led to reduced currents compared with
those due to GIRK1 expression, we wanted to examine
the effect of coexpressing higher, but not toxic, levels
of GIRK2 wv with GIRK1. Because oocytes injected with
Figure 2. Deletion of 59 Noncoding and the First Nine Amino Acids more than 170 pg of D9-GIRK2 wv cRNA with or without
of the Coding Region in the N-Terminus Enhances Expression of
GIRK1 cRNA died within 3 days, we injected oocytesBoth GIRK2 and GIRK2 wv Channels
with z50 pg of D9-GIRK2 wv cRNA alone or in combina-A series of current traces elicited by voltage pulses from 2100 to
tion with GIRK1 cRNA and studied the K1 and Na1 cur-150 mV (10 mV increments) in the absence (basal) and then in the
rents.presence (1carb) of 3 mM carbachol in a 90 mM K1 solution. Holding
potential was 280 mV, except for GIRK1 plus D9-GIRK2 (-50 mV). Similar to previous results (Kofuji et al., 1995), we
(A) Oocytes injected with cRNA for m2 muscarinic receptor (z0.2 found that the carbachol-induced currents through
ng) and D9-GIRK2 (z5 ng), or D9-GIRK2 (z5 ng) with GIRK1 (z5 GIRK1 channels activated slowly upon hyperpolariza-
ng).
tion, whereas those of D9-GIRK2 activated rapidly (Fig-(B) Expression of D9-GIRK2 wv (z170 pg) leads to large agonist-
ure 5). Mutant D9-GIRK2 wv channels also gave rise toindependent basal currents that show little or no enhancement fol-
carbachol-induced currents that activated rapidly uponlowing m2 muscarinic stimulation and accelerated death of oocytes.
(C) Expression of a low concentration of D9-GIRK2 wv (z50 pg) hyperpolarization, regardless of whether Na1 or K1 car-
cRNA produces currents that resemble those of D9-GIRK2. ried the current (Figure 5). By contrast, the carbachol-
induced currents recorded from oocytes coexpressing
both D9-GIRK2 wv and GIRK1 contained a slowly acti-
vating component only when K1 carried the current;highly selective for K1 ions (see Lesage et al., 1994). By
contrast, GIRK2 wv channels or D9-GIRK2 wv channels these currents activated rapidly when Na1 carried the
current (Figure 5). The rates of activation upon hyperpo-allowed both Na1 and K1 ions to permeate, but were
impermeable to NMDG (Figures 4C and 4D, but see larization for the K1 current recorded in oocytes coex-
pressing GIRK1 and D9-GIRK2 wv, or GIRK1 and D9-legend to Figure 4). GIRK2 wv channels still showed
inward rectification even when Na1 carried the basal GIRK2 were similar to those of oocytes expressing only
Figure 3. Receptor-Activated and Basally
Active Na1 and K1 Currents through GIRK2
wv Homomultimeric Channels
Oocytes expressing m2 receptor with either
D9-GIRK2 (z1 ng) (A and C) or D9-GIRK2 wv
(z50 pg) (B and D).
(A and B) A series of current traces elicited
by voltage pulses from 2100 to 150 mV (10
mV increments) in the absence (basal) and
then in the presence (1carb) of 3 mM carba-
chol in a 90 mM K1 or Na1 external solution.
Holding potential was 280 mV.
(C and D) Current±voltage relations show the
current induced (1carb 2 basal) by m2 stimu-
lation in oocytes expressing D9-GIRK2 or D9-
GIRK2 wv. Both D9-GIRK2 wv and D9-GIRK2
show receptor-activated inwardly rectifying
K1 currents, but only D9-GIRK2 wv conducts
both Na1 and K1 ions.
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Figure 4. H5 Mutation in GIRK2 wv Homo-
multimeric Channels Changes Selectivity for
Monovalent Cations
(Aand C) Agonist-independent basal currents
recordedfrom oocytesexpressing GIRK2 (z1
ng) or GIRK2 wv (z50 pg) bathed in an exter-
nal solution containing 90 mM K1, Na1, or
NMDG. Currents were elicited by voltage
pulses from 2150 to 150 mV in 10 mV incre-
ments. For these experiments, we used the
full-length GIRK2 in a high expression vector
construct and the D9-GIRK2 construct (see
Experimental Procedures).
(B and D) Current±voltage relations measured
from traces shown in (A) and (C). The inward
currents recorded in Na1 and NMDG solu-
tions in oocytes expressing GIRK2 were in-
distinguishable from the leakage current. By
contrast, GIRK2 wv allows Na1 but little
NMDG to permeate the channel. Because the
concentration of intracellular K1 was not
known, we measured the change in reversal
potential for GIRK2 wv channels in Na1, Rb1,
and Cs1 solutions relative to that of the K1 solution. The DErev was 26.4 6 0.9 mV (N 5 16) for Na1, was 27.3 6 1.3 mV (N 5 6) for Rb1, and
was 23.5 6 0.7 mV for Cs1 (N 5 13). The permeability ratios are given in the Results. Even greater alteration in ionic selectivity was observed
in some batches of oocytes expressing D9-GIRK2 wv channels, in which some NMDG was found to pass through the channel (PNMDG/PK 5
0.08 6 0.02, N 5 7), but in these oocytes the currents carried by K1, Na1, or NMDG all displayed weak rectification.
GIRK1 (see legend to Figure 5). Thus, we could not (see Figure 1), the coexpression of GIRK1 with interme-
diate levels of D9-GIRK2 wv gave rise to carbachol-use kinetic properties as a criterion for the detection of
heteromeric channels as reported previously by Kofuji induced K1 currents of similar amplitude to those from
oocytes expressing only GIRK1 (Figure 6B). However,et al. (1995). Nonetheless, unless the activation rates
depend on the type of permeant cation, the difference oocytes coexpressing D9-GIRK2 wv and GIRK1 also
showed carbachol-induced Na1 currents, indicating thatin activation rates for the inward current carried by K1
versus Na1 ions is indicative of at least two distinct D9-GIRK2 wv homomultimers and any GIRK1±D9-GIRK2
wv heteromultimers that activate rapidly and are perme-populations of channels in oocytes coexpressing GIRK1
and D9-GIRK2 wv: channels that appearmore like GIRK1 able to Na1 were present in these oocytes. Thus, the K1
current recorded from oocytes coexpressing GIRK1 andand channels that appear more like D9-GIRK2 wv.
Although coexpression of low levels of D9-GIRK2 wv GIRK2 wv may be comprised of current through GIRK1
channels, D9-GIRK2 wv channels, and GIRK1±D9-GIRK2with GIRK1 led to smaller carbachol-induced currents
Figure 5. Oocytes Coexpressing Intermedi-
ate Levels of GIRK2 wv and GIRK1 Display
Carbachol-Induced K1 as Well as Na1 Cur-
rents
Oocyteswere injected with cRNA for m2 mus-
carinic receptor and GIRK1 (z5 ng), D9-
GIRK2 (z1.5 ng), D9-GIRK2 wv (z50 pg),
GIRK1 (z1.5 ng) plus D9-GIRK2 (z15 pg), or
GIRK1 (z5 ng) plus D9-GIRK2 wv (z50 pg).
Traces show the carbachol-induced currents
obtained by subtracting the basal current (no
agonist) from the current recorded in the
presence of carbachol contained in K1 (top)
or Na1 (bottom) external solution. Currents
were elicited by voltage steps from 2100 to
140 mV (20 mV increments) from a holding
potential of 0 mV. The carbachol-induced K1
currents activate rapidly upon hyperpolariza-
tion to negative membrane potentials in oo-
cytes expressing D9-GIRK2 or D9-GIRK2 wv
channels but contained components that
activate slowly in oocytes coexpressing
D9-GIRK2 and GIRK1, coexpressing D9-GIRK2 wv and GIRK1, or expressing GIRK1 alone. By contrast, the carbachol-induced Na1 currents
activate rapidly in oocytes coexpressing GIRK1 and D9-GIRK2 wv. The relaxation of K1 current at 2100 mV was well fit by the sum of two
exponentials having time constants of t1 5 71 6 7 ms and t2 5 419 6 18 ms (A1/A2 5 0.8 6 0.1, N 5 8) for GIRK1, t1 5 73 6 6 ms and t2 5
425 6 19 ms (A1/A2 5 2.1 6 0.3, N 5 12) for GIRK1 and D9-GIRK2, and t1 5 75 6 3 ms and t2 5 557 6 40 ms (A1/A2 5 1.5 6 0.3, N 5 5) for
GIRK1 and D9-GIRK2 wv. Scale bar is 0.4 mA for GIRK1, D9-GIRK2 wv, and D9-GIRK2 wv plus GIRK1; 0.6 mA for D9-GIRK2 plus GIRK1; 0.8
mA for D9-GIRK2.
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GIRK1 proteins in the postnatal mouse cerebellum. Us-
ing polyclonal antibodies directed against peptide epi-
topes of GIRK1 and GIRK2 (Y. J. L. et al., submitted),
we found that GIRK1 and GIRK2 are expressed in the
cerebellum as early as postnatal day 3 (PD3) and con-
tinue to be expressed throughout the postnatal period
to adulthood. Both GIRK1 and GIRK2 proteins were de-
tected in the granule cells located in the external granule
cell layer (EGL) as well as in the newly forming internal
granule cell layer (IGL) in PD4 (Figures 7A±7D) and PD7
(Figures 7E±7H) cerebellum. The EGL appeared to be
more heavily stained than the nascent IGL in PD4 and
PD7 mice, probably owing to the high density of granule
cells in the EGL at these ages (Figures 7C, 7D, 7G, and
7H). In the adult mouse cerebellum, we detected both
GIRK2 and GIRK1 proteins in the IGL (Figures 7I and
7J) and low to background levels of GIRK1 and GIRK2
in themolecular layer (Figures7K and 7L). Control exper-
iments with no primary antibody incubation showed only
background staining (Figure 7M). The expression pat-
terns for GIRK2 and GIRK1 protein in adult mouse cere-
bellum are similar to those reported for expression in
adult rat cerebellum (Y. J. L. et al., submitted). Thus,
GIRK1 and GIRK2 are expressed in granule cells during
Figure 6. Coexpression of GIRK1 with Intermediate Levels of GIRK2 the time when these neurons differentiate and migrate
wv Leads to Less Na1 Current than Oocytes Expressing GIRK2 wv to the IGL.
Channels Alone Whereas GIRK2 expression in Purkinje cells was be-
Oocytes used here are the same as those in Figure 5. low the level of detection in the adult mouse (Figure 7P)
(A) The average agonist-independent basal currents recorded in K1
and rat (Y. J. L. et al., submitted) cerebellum, we found(closed bar) or Na1 (open bar) containing solution at 2100 mV.
that GIRK2 but not GIRK1 was expressed in developingCurrents were not corrected for leakage current. N 5 8±12.
Purkinje cells (Figures 7C, 7D, 7G, and 7H). Both the cell(B) The average induced (1carb 2 basal) currents recorded in K1
or Na1 containing solutions. N 5 5±12. Asterisk indicates statistical body and apical dendrites of the Purkinje cells showed
significance for the differences between the K1 and Na1 currents in staining for GIRK2 (Figures 7N and 7O). Because GIRK2
oocytes expressing GIRK2 wv versus those in oocytes coexpressing staining diminishes to background levels in the adult
GIRK1 plus GIRK2 wv.
(Figure 7P) and little GIRK2 mRNA is detected in adult
Purkinje cells in situ (Kobayashi et al., 1995), GIRK2 may
wv heteromultimers. Although the carbachol-induced be developmentally regulated. Interestingly, Purkinje
Na1 currents in oocytes coexpressing GIRK2 wv and cells are also affected by the wv mutation (Bradley and
GIRK1 tended to be smaller than those in oocytes ex- Berry, 1978; Goldowitz and Mullen, 1982; Herrup and
pressing D9-GIRK2 wv alone (Figure 6B), the coexpres- Trenkner, 1987; Smeyne and Goldowitz, 1990). The pres-
sion of GIRK1 with D9-GIRK2 wv significantly decreased ence of GIRK2 in young Purkinje cells is consistent with
the amplitude of the agonist-independent basal Na1 as a direct action of the wv mutation in these neurons
well as K1 currents (Figure 6A). (Smeyne and Goldowitz, 1990).
In summary, whereas coexpression of D9-GIRK2 and
GIRK1 channels led to enhanced agonist-independent Discussion
basal and carbachol-induced K1 currents (see Figure
2), coexpressing GIRK1 and intermediate levels of D9- Utilizing the Xenopus oocyte heterologous expression
GIRK2 wv generated basal currents and carbachol- system to study the effect of the wv mutation on GIRK2
induced currents that were smaller than the sum of the function, we have found that the G156S mutation results
currents recorded from oocytes expressing GIRK1 in pleiotropic functional effects depending on the ex-
channels and oocytes expressing GIRK2 wv channels pression levels and the relative abundance of different
(Figure 6). Moreover, thecurrents recordedfrom oocytes GIRK subunits. Under conditions in which the GIRK2 wv
coexpressing GIRK1 and D9-GIRK2 wv channels could protein is expressed at low levels relative to GIRK1, the
be carried by both K1 and Na1 ions and could be ac- mutant protein may coassemble with GIRK1 and form
counted for as the sum of current through GIRK1 chan- heteromultimers with reduced channel activity, thereby
nels, D9-GIRK2 wv homomultimers, and possibly decreasing inward K1 current and possibly leading to a
GIRK1±D9-GIRK2 wv heteromultimers. phenotype of reduced function. At intermediate levels
of expression, GIRK2 wv proteins form functional homo-
Expression of GIRK1 and GIRK2 Proteins multimers that display aberrant G protein±activated Na1
in Developing Mouse Cerebellum currents. At high levels of expression, the large basal
Because the wv mutation affects the developing cere- activities of GIRK2 wv channels may cause chronic de-
polarization, due to an inwardly rectifying Na1 current,bellum, we examined the expression of GIRK2 and
Functional Effects of weaver GIRK2
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Figure 7. Developmental Expression of GIRK2 and GIRK1 Proteins in the Mouse Cerebellum
(A±D) Sagittal sections of postnatal day 4 mouse cerebellum (rostral is up and dorsal is left). (A and B) Low magnification view of cerebellum
shows strong GIRK1 (A) and GIRK2 (B) immunostaining in the external granule cell layer (EGL) and slightly weaker staining in the internal
granule cell layer (IGL). (C and D) High magnification view of cerebellar cortex shows intense staining for GIRK1 (C) and GIRK2 (D) proteins
in granule cells in the EGL. GIRK2 staining is also evident in Purkinje cells and the dendritic processes extending into the EGL. Scale bar in
(P) is 900 mm for (A), 1200 mm for (B), and 60 mm for (C) and (D).
(E±H) Sagittal sections of postnatal day 7 mouse cerebellum (rostral is up and dorsal is left). (E and F) Low magnification view of cerebellum
shows GIRK1 (E) and GIRK2 (F) immunostaining in both EGL and IGL. (G and H) High magnification view of GIRK1 (G) and GIRK2 (H)
immunostaining. Granule cells in EGL and IGL express both GIRK1 and GIRK2 protein. In contrast with the GIRK1 staining, however, the
GIRK2 protein is also present on fibers that are oriented from IGL to EGL. Scale bar in (P) is 1600 mm for (E), 1500 mm for (F), 98 mm for (G),
and 72 mm for (H).
(I±L) Coronal sections of adult mouse cerebellum. (I and J) Low magnification view of cerebellum shows GIRK1 (I) and GIRK2 (J) immunostaining.
Intense staining for GIRK1 and GIRK2 proteins is found in the granule cells of the IGL and little to background staining in the molecular layer
(ML). High magnification view of cerebellar cortex shows GIRK1 (K) and GIRK2 (L) immunostaining. All of the granule cells have migrated to
the IGL and express both GIRK1 and GIRK2 proteins. Scale bar in (P) is 1600 mm for (I), 1500 mm for (J), 73 mm for (K), and 95 mm for (L).
(M) Control: sagittal section of postnatal day 4 mouse cerebellum (rostral is up and dorsal is left) showing little background staining due to
secondary antibody. Scale bar in (P) is 2200 mm for (M).
(N±P) Sagittal sections of postnatal day 4 (N) and 7 (O), respectively, and coronal section of adult mouse cerebellum (P). Strong staining is
seen in Purkinje cells (PC) at postnatal day 4 (N) and postnatal day 7 (O), but is reduced in the adult mouse (P). Scale bar is 45 mm for (N),
18 mm for (O), and 36 mm for (P).
and promote cell death. These detrimental effects could GIRK2 and GIRK1 proteins are detected in cerebellar
granule cells at early stages of postnatal developmentbe partially ameliorated if sufficient GIRK1 proteins were
available to coassemble with the mutant proteins, and, therefore, could play a role in the differentiation of
these neurons.thereby reducing the amplitude of Na1 current. Both
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Reduced Activity of GIRK1 and GIRK2 wv GIRK2 removes K1 selectivity, indicating that the H5
region of inwardly rectifying K1 channels also contrib-Heteromultimers
The coexpression of GIRK2 with GIRK1 leads to agonist- utes to the ionic selectivity of these channels. In a com-
prehensive study of H5 mutations in the voltage-gatedindependent basal as well as carbachol-induced cur-
rents that are larger than the sum of currents recorded Shaker K1 channel, Heginbotham et al. (1994) found
mutations in different parts of the H5 segment of Shakerfrom oocytes expressing GIRK1 or GIRK2 alone, indicat-
ing that GIRK1 and GIRK2 form functional heteromulti- K1 channels fall into two groups; mutant channels either
retain their high K1 selectivity or lose all selectivity formers in oocytes (this study; Duprat et al., 1995; Kofuji
et al., 1995). In contrast with the potentiation of current monovalent cations. One possible explanation for this
bimodal distribution of mutant phenotypes is that thoseby GIRK2, the coexpression of GIRK2 wv with GIRK1
resulted in currents that were smaller than the sum of mutations that eliminate ionic selectivity also produce
significant changes of the pore structure, making it un-currents from oocytes expressing GIRK1 and currents
from oocytes expressing GIRK2 wv. Whereas GIRK2 likely to have intermediate phenotypes of reduced but
not abolished K1 selectivity. If the G156S mutation inchannels appear to form functional homomultimers in
oocytes, the expression of GIRK1 alone in oocytes re- GIRK2 indeed causes a fairly drastic alteration of the
homomeric GIRK2 channel, it is conceivable that juxta-quires an endogenous subunit (XIR or GIRK5) that coas-
sembles with GIRK1 to form functional channels (Hedin posing GIRK2 wv mutant subunits with GIRK1 subunits
results in a nonconducting or poorly conducting chan-et al., 1996). Thus, it is conceivable that GIRK2 wv chan-
nels compete with the endogenous subunit GIRK5 for nel, rendering the heteromultimers functionally impaired
and leading to reduced currents.coassembly with GIRK1, thereby reducing G protein±
gated inward K1 current. However, as the mutation in
H5 is the only difference between the GIRK2 wv and the
Potential Implications of Mutant GIRK2 wvwild-type GIRK2 channels, the simplest explanation for
Channel Properties during Developmentthis result is that GIRK2 wv coassembles with GIRK1
GIRK channels comprise a family of G protein±gatedand forms heteromultimers that have reduced activity.
inwardly rectifying K1 channels that, thus far, have fourThese mutant heteromultimers could either fail to be
members in mammalian species (Dascal et al., 1993;activated by Gbg, conduct ions poorly or not at all, or
Kubo et al., 1993; Ashford et al., 1994; Lesage et al.,be retained into intracellular compartments. Regardless
1994; Bond et al., 1995; Krapivinsky et al., 1995; Tsaurof the mechanism underlying the reduction in current,
et al., 1995) and a fifth member in Xenopus (Hedin etthese mutant heteromultimers appear tobe largely func-
al., 1996). GIRK1, GIRK2, and GIRK3 are expressedtionally quiescent, resulting in less basal and agonist-
mainly in the brain (Dascal et al., 1993; Kubo et al., 1993;induced K1 current.
DePaoli et al., 1994; Karschin et al., 1994; Lesage et al.,In oocytes coexpressing GIRK1 and high levels of
1994; Bond et al., 1995; Kobayashi et al., 1995; Krapivin-GIRK2 wv, the predominate macroscopic current re-
sky et al., 1995), whereas GIRK4 (also referred to as CIRcorded appeared as a weakly rectifying, nonselective
and rcKATP-1) appears to be expressed primarily inbasal current with no agonist-induced current. The large
heart but not in the brain (Ashford et al., 1994; Krapivin-basal current and lack of agonist-induced current of
sky et al., 1995; Lesage et al., 1995). Our experimentsGIRK2 wv could reflect constitutive G protein activation
indicate that the functional implications for neurons thatof GIRK2 wv channels or might indicate that the G pro-
express GIRK2 wv channels would depend on the abun-tein±dependent properties of GIRK2 wv channels were
dance of GIRK2 wv and other GIRK subunits duringaltered by the high expression levels. In any case, oo-
different stages of development.cytes began to die even in the presence of coexpressed
In neurons that express high levels of GIRK2 wv, theGIRK1 channels. By contrast, the coexpression of
loss of K1 selectivity of thehomomultimers and the largeGIRK1 with intermediate levels of GIRK2 wv resulted in
agonist-independent basal current could lead tochronica reduction of Na1 currents in the absence (agonist-
depolarization of the neuron and possibly cell death.independent basal current) or presence (agonist-
Lower levels of GIRK2 wv channel expression, on theinduced current) of carbachol. This decrease in Na1
other hand, might conceivably produce a smaller basalcurrent is consistent with the conclusion that GIRK2 wv
Na1 current, but would also result in inappropriate re-and GIRK1 heteromultimeric channels form, but have
ceptor-activated depolarization rather than hyperpolar-impaired function due to the wv mutation. Thus, under
ization, thereby reversing the sign of the neurotransmit-certain conditions, expression of GIRK1 can ameliorate
ter signal. In neurons that express both GIRK1, GIRK2,the negative effect of GIRK2 wv channels in oocytes.
and possibly other GIRK subunits, thewv mutation might
impair the function of the heteromultimers. Thus, these
neurons might sustain less basal Na1 current and recep-wv Mutation in GIRK2 Alters Ionic Selectivity
Numerous investigators have reported that mutations tor-activated Na1 current than neurons expressing only
GIRK2 wv, or they might have reduced levels of K1in the H5 region of voltage-gated K1 channels alter ionic
selectivity (MacKinnon and Yellen, 1990; Hartmann et current through G protein±activated inwardly rectifying
K1 channels. The suppression of wild-type GIRK cur-al., 1991; Yellen et al., 1991; Yool and Schwarz, 1991;
Heginbotham et al., 1992, 1994; Kirsch et al., 1992), rents could conceivably depolarize the membrane, simi-
lar to the effect of excitatory neurotransmitters that actindicating that this part of the channel constitutes part
of the selectivity filter of the channel. We found that the on inward rectifiers in the brain (Yamaguchi et al., 1990;
Takano et al., 1995). The effects of an inappropriateglycine to serine (G156S) mutation in the H5 region of
Functional Effects of weaver GIRK2
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Experimental Proceduresbrief or sustained depolarized membrane potential on
neuronal function, however, are difficult to predict be-
Molecular Biology and Oocyte Preparationcause depolarization could lead to either activation or
GIRK2 and GIRK2 wv cDNA sequences from nucleotides 1±1950
inactivation of voltage-gated channels depending on the (according to GenBank accession number U11859) were obtained
extent and duration of depolarization. from C57Bl/J6 5-day-old mice by reverse transcription±polymerase
Our finding that the effect of the wv mutation on GIRK2 chain reaction (RT±PCR) (Stratagene) amplification and subcloned
from BamHI (224) to SacII (1936) into Bluescript SKII (Stratagene).channel function can vary depending on expression lev-
D9-GIRK2 and D9-GIRK2 wv constructs were digested with HpaI atels and relative abundance of GIRK2 and other GIRK
the 59 end and subcloned (HpaI to SacII) into Bluescript SKII. HpaIproteins could potentially account for the varied effects
digestion removes the 59 noncoding sequence plus 17 nucleotides
of the wv mutation on different central neurons. In the into the coding region, making amino acid 10 the first methionine
wv cerebellum, the granule cells do not differentiate or for translation. The mbGIRK2 construct in a high expression vector,
provided by Lesage et al. (1994), contains the 59 and 39 untranslatedmigrate from the EGL to their final position in the internal
sequences for the Xenopus b-globin gene and a canonical Kozakgranule cell layer (Rezai and Yoon, 1972; Rakic and Sid-
sequence (Kozak, 1987). Rat GIRK1 was used as previously de-man, 1973c; Goldowitz, 1989; Smeyne and Goldowitz,
scribed (Kubo et al., 1993). In vitro methyl-capped cRNA was made1989) and eventually undergo apoptotic cell death
using T3 or T7 RNA polymerase (Stratagene), and the concentration
(Smeyne and Goldowitz, 1989; Wood et al., 1993; Galli was estimated by formaldehyde gel. Low concentrations of cRNA
et al., 1995; Migheli et al., 1995). Our results show that were made by serially diluting a concentrated stock.
Oocytes were removed from Xenopus under anesthesia, washedGIRK1 and GIRK2 proteins are expressed in the granule
in Ca-free ND96 (96 mM NaCl, 2 mM KCl, 2 mM MgCl2, 100 U/mlcells in the external granule cell layer of the postnatal
penicillin, 100 mg/ml streptomycin, and 5 mM HEPES [pH 7.6]),cerebellum, during the time when differentiation and
treated with collagenase (2 mg/ml) in Ca-free ND96 for z2 hr to
migration occurs. Thus, it is conceivable that the remove follicular cells, and washed extensively with ND96 (96 mM
changes in membrane excitability produced by the wv NaCl, 2 mM KCl, 1 mM CaCl2, 2 mM MgCl2, 100 U/ml penicillin,
mutation could affect the differentiation and subsequent 100 mg/ml streptomycin, and 5 mM HEPES [pH 7.6]). Oocytes were
injected with a 46 nl solution containing cRNA for m2 muscariniccell death of granule cells in wv mice. Indeed, MurtomaÈki
receptor (z0.2 ng) and GIRK channels (z15 pg to z5 ng; see figureet al. (1995) recently reported that wv granule cell neu-
legends). In some experiments, GIRK channels were expressed withrons have a depolarized resting membrane potential.
b1 (z2 ng) and g2 (z2 ng) cRNA G protein subunits (Reuveny et al.,
In contrast with the cerebellar granule cells, many 1994). Oocytes were incubated in ND96 for 3±8 days at 188C.
neurons of the substantia nigra in the wv mouse appear
to differentiate and innervate the striatum (Goldowitz Electrophysiology
Macroscopic currents were recorded from oocytes with two-elec-and Mullen, 1982; Schmidt et al., 1982; Roffler-Tarlov
trode voltage±clamp (Axoclamp 2A or Dagan CA-1). Oocytes wereand Graybiel, 1984; Gupta et al., 1987; Triarhou et al.,
perfused continuously with a solution containing 90 mM XCl (X 51988; Graybiel et al., 1990; Roffler-Tarlov et al., 1990;
K1, Na1, Rb1, NMDG, Cs1), 2 mM MgCl2, and 10 mM HEPES (pH
Ghetti and Triarhou, 1992; Richter et al., 1992), but then 7.4 with XOH or HCl for NMDG). We used 3 mM carbachol (Sigma)
proceed to die through a nonapoptotic mechanism (Oo to stimulate m2 muscarinic receptors. A small chamber (2 3 15 mm)
with fast perfusion was used to change the extracellular solutionset al., 1995, Soc. Neurosci., abstract). In the adult rat,
and was connected to ground viaa 3 M KCl agarose bridge. JunctionGIRK2 but not GIRK1 protein is expressed at high levels
potentials were measured for each external solution and differedin the substantia nigra (Y. J. L. et al., submitted), sug-
by no more than 8 mV. Currents were acquired (0.5±3.3 kHz) with
gesting that GIRK2 homomultimers may exist in these an A/D interface (Axon TL-1), filtered at 1 kHz, and stored on a
neurons. Based on the expression of GIRK2 wv in oo- laboratory computer. For channels that rectify strongly, the leakage
cytes, it is possible that dopaminergic neurons in the wv current was measured between 0 and 110 mV, scaled appropriately,
and subtracted from the current trace. To determine the relativesubstantia nigra display an aberrant receptor-activated
permeability ratios, we measured the change in reversal potentialNa1 current. Such a defect would rely on synaptic input
that occurred with different cationic solutions because the exactand could show activity-dependent cell death, perhaps concentration of intracellular K1 in the oocyte was not known and
owing to abnormally high levels of intracellular Ca21. used a form of the Goldman±Hodgkin±Katz equation, DErev 5 Erev, B
Consistent with this scenario, the subpopulation of do- 2 Erev, A 5 RT/zF ln(PB[B]o/PA[A]o) where R, T, z, and F have their usual
meaning (Hille, 1992). Erev, B was the reversal potential measured inpaminergic neurons in the substantia nigra that are more
Na1, Rb1, NMDG, or Cs1 containing solution and Erev, A was thesusceptible to cell death in the wv mouse do not contain
reversal potential measured in external K1 containing solution. Thecalbindin (Gaspar et al., 1994), a Ca21-binding protein,
reversal potential in K1 containing solution was measured before
suggesting that Ca21 homeostasis may be critical for and after exposure to the series of cationic solutions to monitor any
determining vulnerability to cell death in these neurons drift in pipette potential. No adjustment for leakage current was
made for GIRK2 wv currents because they did not rectify strongly.(Orrenius and Nicotera, 1994).
Reversal potentialmeasurements were corrected for junction poten-Our studies on theeffects of thewv mutationon GIRK2
tials. Oocytes that expressed currents that showed no rectificationhomomultimers and on GIRK1±GIRK2 heteromultimers
were rejected from the analysis.
in Xenopus oocytes constitutes part of an initial assess- All average valuesare shown 6SEM. One-way analysis of variance
ment of the impact of the wv mutation on channel func- (ANOVA) followed by Student±Newman±Kuels (SigmaStat) was used
tion. It will be important to determine whether similar to test for significance (p < 0.05). All recordings were made at room
temperature (228C±258C).changes in GIRK currents occur in wv neurons. The
range of effects of the wv mutation reported in this study
Western Blot Analysissupports the hypothesis that this single amino acid sub-
Three oocytes were washed and pelleted five times with 50 mM Tris
stitution is responsible for the pleiotropic wv mutant (pH 8), 150 mM NaCl, 1 mM EDTA, and a protease inhibitor cocktail
phenotype and serves to provide a framework for future (2 mg/ml aprotinin A, 1 mg/ml pepstatin, 1 mg/ml leupeptin, 50 mg/
ml pA-PMSF). The membranes were lysed in 2% SDS sample bufferin vivo studies.
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by vortexing in the presence of glass beads and denatured at 858C± channel expressed in pancreatic b-cells and in the brain. FEBS Lett.
367, 61±66908C for about 30 min. The solubilized proteins were separated on
10% SDS±polyacrylamide gel electrophoresis (SDS±PAGE) and then Bradley, P., and Berry, M. (1978). The Purkinje cell dendritic tree in
transferred onto nitrocellulose paper. The blots were blocked in mutant mouse cerebellum: a quantitative Golgi study of weaver and
Superblock (Pierce) and probed with primary antibody diluted staggerer mice. Brain Res. 142, 135±141.
(1 mg/ml) in a buffer containing 10 mM Tris (pH 8), 150 mM NaCl,
Dascal, N., Schreibmayer, W., Lim, N.F., Wang, W., Chavkin, C.,0.1% Tween 20, 0.1% bovine serum albumin (BSA), and 1% normal
DiMagno, L., Labarca, C., Kieffer, B.L., Gaveriaux-Ruff, C., Trollinger,goat serum, followed by secondary goat anti-rabbit antibody
D., Lester, H.A., and Davidson, N. (1993). Atrial G protein±activated(1:5000, Amersham). Primary antibodies against GIRK2 were gener-
K1 channel: expression cloning and molecularproperties. Proc.Natl.ated in rabbits and affinity purified with antigenic peptides as de-
Acad. Sci. USA 90, 10235±10239.scribed (Y. J. L. et al., submitted). Rat cortex was prepared as
DePaoli, A.M., Bell, G.I., and Stoffel, M. (1994). G protein±activateddescribed (Y. J. L. et al., submitted).
inwardly rectifying potassium channel (GIRK1/KGA) mRNA in adult
rat heart and brain by in situ hybridization histochemistry. Mol. Cell.Immunocytochemistry
Neurosci. 5, 515±522.Adult (4 months) B6 mice were deeply anesthetized and perfused
intracardially with 4% paraformaldehyde (SigmaChemicals) in phos- Duprat, F., Lesage, F., Guillemare, E., Fink, M., Hugnot, J.-P., Bigay,
phate-buffered saline (pH 7.4). The brains were dissected and im- J., Lazdunski, M., Romey, G., and Barhanin, J. (1995). Heterologous
mersed in 4% paraformaldehyde overnight at 48C. Young B6 postna- multimeric assembly is essential for K1 channel activity of neuronal
tal mice (days 3, 4, and 7) were killed by decapitation according to and cardiac G-protein-activated inward rectifiers. Biochem. Bio-
euthanasia guidelines at Stanford, and their brains were dissected phys. Res. Commun. 212, 657±663.
and fixed by immersion in 4% paraformaldehyde for 48 hr at 48C. Galli, C., Meucci, O., Scorziello, A., Werge, T.M., Calissano, P., and
Both adult and young tissues were cryoprotected by immersion in Schettini, G. (1995). Apoptosis in cerebellar granule cells is blocked
20% sucrose overnight at 48C and then frozen in tissue-Tek OCT by high KCl, forskolin, and IGF-1 through distinct mechanisms of
compound (Baxter Scientific) on dry ice. Tissue sections (40 mm) action: the involvement of intracellular calcium and RNA synthesis.
were cut on a cryostat-microtome. Sections were then blocked in J. Neurosci. 15, 1172±1179.
blocking buffer (0.1 M Tris [pH 7.4],100 mM NaCl,0.1% Triton X-100,
Gao, W.Q., and Hatten, M.E. (1993). Neuronal differentiation rescued1% BSA, and 1% hydrogen peroxide) overnight at 48C. The next
by implantation of Weaver granule cell precursors into wild-typeday, sections were incubated in incubation buffer (blocking buffer
cerebellar cortex. Science 260, 367±369.with 3% normal goat serum) for 30 min followed by an overnight
Gao, W.Q., Liu, X.L., and Hatten, M.E. (1992). The weaver geneincubation in primary antibody at room temperature. Antibodies
encodes a nonautonomous signal for CNS neuronal differentiation.against epitopes of GIRK1 and GIRK2 were purified and used as
Cell 68, 841±854.described by Y. J. L. et al. (submitted). The sections were washed
in blocking buffer three times for 30 min each. The Vectastain ABC Gaspar, P., Ben Jelloun, N., and Febvret, A. (1994). Sparing of the
Elite Kit (Vector Labs, Burlingame, CA) and diaminobenzidine were dopaminergic neurons containing calbindin-D28k and of the dopa-
used according to the instructions of manufacturer to develop the minergic mesocortical projections in weaver mutant mice. Neurosci-
stain. The sections were then mounted onto gelatin-coated slides ence 61, 293±305.
and air dried overnight. Light counterstaining was performed on Ghetti, B., and Triarhou, L.C. (1992). Degeneration of mesencephalic
some sections with crystal violate followed by dehydration through dopamine neurons in weaver mutant mice. Neurochem. Int. (Suppl.)
graded alcohols, clearing in histoclear (FisherScientific), and mount- 20, 305S±307S.
ing in permount (Fisher Scientific). Photographs were taken using
Goldowitz, D. (1989). The weaver granuloprival phenotype is due toNikon microscope and transferred to computer by slide scanner
intrinsic action of the mutant locus in granule cells: evidence from(Nikon) for printing.
homozygous weaver chimeras. Neuron 2, 1565±1575.
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